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COOCJYEAR ALRO5PACE 

SUMMARY 

The r e p o r t  d i s c u s s e s  nystagmus in the  context of body control. It is indicated 
tha t  body movements  may be c lass i f ied  in accordance  with the deg ree  in  which 
they are anticipated. Willed movements  are fully anticipated, as a r e  imposed 
movements  of s imple  repea ted  pat terns .  These  movements  are sa id  to be con-  
t rol led by in te rna l  p r o g r a m s  developed as the r e s u l t  of nulling out unpleasant 
conscious sensat ions.  Other  movements,  such as those resu l t ing  f rom sudden- 
ly. i m p r e s s e d  accelerat ion,  and i l lusory  movements  as in the post-rotational 
situation, are not predictable  to the s a m e  degree.  Nystagmus, as we l l  as body 
movements ,  is sa id  to be affected by the degree  of prediction. 
single t r a n s f e r  function which can define the response  to var ious  s t imuli ,  
Nystagmus is shown to cons is t  of t h ree  components: the s low phase,  the f a s t  

T h e r e  is no 
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ment"  o r  "lem. 
the frequency bandwidth of the canals ,  the nystagmus provides  c l ea r ly  defined 
fixating per iods,  while l e m  causes  the gaze to lead  the motion by an amount 
proport ional  to velocity. The hypothesis is advanced that th i s  l ead  cor responds  
to the perceived shif t  of body ax is  and provides  a reac t ion  t ime  delay to p e r m i t  
recognition of an  object  of i n t e r e s t  during a head movement,  s top nystagmus, 

.and focus on the object.  

It is shown that f o r  an  imposed sinusoidal movement within 

It is suggested tha t  differences in the modes of predict ion under  different  t e s t  
conditions may  account  f o r  d i screpancies  between canal  response  and eyeball  
veloci t ies  during t h e  slow phase of nystagmus. 
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INTRODUCTION 

It is well known tha t  nystagmus is under  the control of the vestibule. 

lat ion between s t imu lus  input to the vestibule and nystagmus, however, is by no 
means  simple. Some of the dis turbing factors ,  such  as a rousa l  and adaptation, 
have been identified. 
effects, t he re  r e m a i n s  unexplained var ia t ions  of response.  

The c o r r e -  

But even when precaut ions are taken to minimize these 

Th i s  paper  a t tempts  to examine nystagmus in the context of the s y s t e m  of body 
control. 
foreign to mechanical  s e r v o s D  
m i c  response  may  be r e l a t ed  to different modes of prediction under  different 
si tuations.  

The s y s t e m  is cha rac t e r i zed  by means  of prediction and adaptation 
It is hoped that  some  of the var ia t ions  of nystag- 

, . .  'I-ne pape r  e r n p t ~ ~ ~ + ~ ~ , ,  cv,,ul y-e21:ti::: -.-:?*-'- ~ - 1 ~ ~ ~ ~ ~  T n  n p r - i i r -  III Lilt: cicL13G 

willed movements  o r  in  the case of imposed movements  of s imple  repeated 
pat terns .  When a r e c o r d  of nystagmus is examined, it is found to cons is t  of 

t h r e e  components: the well-known slow and fast phase  nystagmus,  and a broad 
eye  movement. Th i s  movement can be shown to cause  the gaze to l ead  the 
sensed  velocity, at least in the case of totally predicted movements,  and f o r  
th i s  r eason  it is ca l led  t h e  " leading eye  movement" o r  "lem. 
of imposed movement  on the  body, it appea r s  to l a g  somet imes  the sensed  velo- 
city. No r e f e r e n c e s  w e r e  found in the l i t e r a t u r e  about l em,  but when i t  w a s  
mentioned during a v i s i t  to Dr .  G. M, Jones ,  he brought out s o m e  beautiful 
record ings  of the movement  taken s o m e  y e a r s  previously a s  p a r t  of an unpub- 
l ished study. .?The movement is mentioned, also,  in a r ecen t  pape r  by Doctor 

J o n e s  and J. H. M i l s ~ m ~ ~  and it appea r s  tha t  the au thors  have a l so  reached  
the conclusion tha t  t h i s  movement l e a d s  in t h e  direct ion of velocity. 
tha t  Doctor J o n e s '  m o r e  complete  study will be published soon. 

In o ther  c a s e s  

It is hoped 

The  likelihood of such  a movement  was  suggested s o m e  y e a r s  ago by Mayne 
(1952),28 in a pape r  which at tempted to account f o r  the audiogyral illusion. 
was  postulated, then, that  the shift  of the judged or ig in  of a sound in a direction 

It 
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opposite to the s e n s e d  rotational velocity during a post-rotation per iod  w a s  
caused by a shif t  in the sensed  body ax i s  i n  the direct ion of velocity. 
reasonable ,  at the t ime,  to expect  that  an unconscious shift  of gaze would take 
place to harmonize  the sensed  position of the body with respect, to t h e  envi ron-  
ment  as de termined  e i the r  by s ight  o r  by the sys t em of spat ia l  representat ion.  
It appeared, also, that  a shif t  of the sensed  position of an object in the oculogy- 
ral i l lusion in the direct ion of velocity, o r  in  a direct ion opposite tha t  of t h e  
audiogyral illusion, could be explained by the s a m e  movement. 
ceived at the t ime,  however, tha t  t hese  two r equ i r emen t s  are  contradictory.  
No good evidence of the movements  was found in the l i t e r a t u r e  and the problem 
was  dropped because  of p r e s s  of o the r  business .  When study w a s  r e s u m e d  and 
va r ious  new r e f e r e n c e s  were consulted, i t  became apparent  that  nystagmus 
L v.uy....,-, .'- -''cs--=--+ly ---. f n  rJi f ferent  inDuts; in o ther  words,  that  d i f fe ren t  t r a n s f e r  
functions, o r  different  r a t io s  between inpu-cs ~ I I U  U U ~ ~ ~ ~ ~ ,  

different inputs. 
are the r e su l t  of di f fe ren t  predict ing mechanisms operat ing under  different  con- 
ditions. 

I t  s eemed  

It was  not p e r -  

- - - - l f + o h t ~  T n  
- l r  

It is proposed to examine the possibi l i ty  that  the d i f fe rences  

Th i s  paper  emphas izes  the class of movements  under  a fully pred ic ted  input, as 
in the case  of a willed movement  when the sys t em gene ra t e s  the input in the 
f o r m  of a cen t r a l  nervous  s y s t e m  (CNS) program,  o r  in the  case of an  i m p r e s s e d  
movement  of a relat ively s imple  and repeated pattern,  such  as a continuous 
s imple  harmonic  motion. Other  types o€ inputs will be examined in l a t e r  repor t s .  

PYSTAGMUS AND THE LEADING EYE MOVEMENT 

The  Function of Nystagmus 

It is we l l  known tha t  the s low phase of nystagmus under  no rma l  head movements  
h a s  the effect of providing fo r  success ive  fixation periods.  
the e y e s  tu rn  with r e s p e c t  to the head at a speed  equal  and opposite that  of the 
head in space.  They remain,  therefore ,  fixed in  space,  providing a s h o r t  p e r -  
iod of t ime  when the image  is s ta t ionary  on the ret ina.  
recognition it a p p e a r s  tha t  the fixation per iod should not b e l e s s  than about 

During these per iods  

F o r  clear vision and 
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0.180 second. 
the head. 
velocity should no t  exceed  - 2o = 110 d e g r e e s  p e r  second. Nystagmus occurs ,  0.180 
however, at higher  head speeds  under  the apparent  logic  of the s y s t e m  tha t  
s o m e  slowing down of the image  on the r e t ina  is be t te r  than none. Since the 
angle of sight, including both cen t r a l  and per iphera l  vision, is much g r e a t e r  
than the maximum angle of rotation of the eyeball  during succeeding fixating 
per iods,  the entire s c e n e  wi l l  be surveyed  during a tu rn  of the head. It can be 
s u r m i s e d  that if an object  of spec ia l  i n t e re s t  is spot ted during the turn,  the 
e y e s  will immedia te ly  focus on the object, using the optokinesthetic mode of 
control,  and tha t  nys tagmus  will stop. 

Th i s  r equ i r emen t  can  only be m e t  below a ce r t a in  velocity of 
F o r  a n o r m a l  maximum amplitude of 20 d e g r e e s  of eye motion th i s  

Accuracy of Nystagmus Control 
- - .  .. - -  Grea t  accuracy  1s nub iieeutiu bLI+ vu.AL:I ;f ----+---**a - -d - v . 0 Q m U i i  6 1 1  lit, cl IG 

image on the r e t ina  c a n  be to le ra ted  and it is found, accordingly,  that  the th re sh -  
old of velocity f o r  nys tagmus  is about t h r e e  t i m e s  as high as f o r  sensation. 
Groen17 s ta ted  tha t  the vest ibule  is not a v e r y  p rec i se  instrument ,  
i s  based on observa t ions  of d i screpancies  between body velocity and the slow 
phase velocity of nys tagmus  under  conditions a t  wide var iance  f r o m  norma l  body 
movements.  
t e r m s  o the r  than lack of accuracy.  
dit ions nystagmus d o e s  not appea r  to be controlled s o  as to offset  v e r y  p r e c i s e -  
l y  the motion of the head during fixating periods.  
essent ia l  i f  the  object  of the nystagmus is only to make  possible  the recognition 
of an  object 05- in te res t  during a turning movement  of the head, Optokinesthesis 
can provide the fine accu racy  which may  be r equ i r ed  to focus on the object 
once it is recognized and nys tagmus  has  stopped. 

The l imitat ions in accu racy  appear  to be in the control  of nystagmus, not in the 
signal provided by the  canals.  The  canals ,  themselves ,  m u s t  opera te  with high 
prec is ion  in the  cont ro l  of body movements,  such as i n  t h e  per formance  of an  
acrobat ic  somersau l t ,  and are needed in  providing accu ra t e  coordination of 

16,17 

This  comment  

It is believed t h a t  these  d iscrepancies  mus t  be accounted f o r  in 
But it is t r u e  that  even under  the bes t  con- 

Such p rec i se  control  is not 
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norma l  body activity. A s  indicated by Johnson, et al, 22 lr . . evidence of lack 
of smooth coordination of body movements,  par t icu lar ly  noticeable during run-  
ning and jumping, ’’ w a s  found in monkeys having suffered b i la te ra l  labyrinthec-  
tomies .  

it, wh i l e  the audi tory nerve  h a s  about 35,000 f ibers .  Th i s  appeared to h im as 
a disproport ionate  number  of f ibe r s  f o r  the cupula, where  the rat io  of threshold- 
to-maximum amplitude is about a hundred as compared  to a mill ion f o r  hearing. 
In the f i r s t  place, it is likely, as indicated in an earlier repor t ,  31 t h a t  t h re sh -  
o lds  and l imens  de te rmined  on the b a s i s  of verbal izat ion of j u s t  noticeable 
differences (j. n. d. ) do not cor respond to the resolution of the sys t em in the un- 
conscious control  of body movements.  
canals ,  as  indicated in  the s a m e  previous report ,  m u s t  be l i nea r  to be useful 
while  w n n d  data can  be compressed  logari thmical ly  o r  otherwise without s igni-  
f icant  l o s s  of function. 
view31 that  t h e  Weber  law does  not apply to vest ibular  signals,  and that  f o r  the 
useful range of the cana ls  equal  s t imulus  increments  are requi red  to produce 
equal increments  of s ensed  velocity. W e  cannot but pause h e r e  to  re f lec t  upon 
the extravagance with which the biological sys t em provides  dis t inct  channels of 
info r m at io n. 

1 Bekesy mentions tha t  the cupula h a s  about 3500 f ibe r s  assoc ia ted  with 

In the second place,  the da ta  of the 

1 - -____-  ^ _ ^ . . A  ‘i‘ne r igures  yuuLeu b u p p r G  A- r r c r I v u v r J  - - - = - - - -  ~ 

Nystagmus Response under  Experimental  Situations 

It is t rue ,  however, that  unde r  ce r t a in  conditions of tests, such as s teady 
acce lera t ion  o v e r  a pro t r ac t ed  period, o r  during the post-rotational period, 
the s low phase nys tagmus  shows wide var ia t ions  with the predicted velocity 
indicated by t-t;k cana ls  as computed f r o m  the s imple  differential  equation p ro -  
posed by Steinhausen and investigated by o thers .  
crepancy in t i m e  constants  between the two types of response,  
measu remen t s ,  f o r  instance,  give a t ime  constant of about eight to ten f o r  the 
decay of the sensed  magnitude of velocity, and about twice th is  value fo r  
nystagmus. 16’ 
ing nystagmus to a given input under  conditions of p ro t r ac t ed  constant angular  
acceleration. One may be tempted, on the bas i s  of th i s  evidence, to conclude 

Most t roublesome is the d i s -  
Cupulometry 

2 Brown and Crampton  proposed an empi r i ca l  formula  relat- 

-4- 
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tha t  t h e r e  is one type of r e sponse  f o r  nystagmus and one f o r  sensat ion,  (Inci-  
dentally, we should distinguish between t h r e e  phenomena which a re  usually 
designated by the  s a m e  word  "sensation, I t  the conscious sensed  magnitude of a 
modality of exper ience  as of velocity o r  accelerat ion,  a feeling, possibly of 
discomfort ,  possibly of in te res t ,  and the senso ry  da ta  which is uti l ized in the 
unconscious cont ro l  of body movement,  all re la ted  to the s a m e  objective s t imu-  
lus. 1 GuedrylS shows tha t  the d iscrepancy  d i sappea r s  f o r  conditions approxi- 
mat ing no rma l  body movements.  on nystagmic 
r e sponses  f o r  va r ious  f requencies  show that  t h i s  response  can be de te rmined  
quite accura te ly  f r o m  the s i m p l e  differential  equation proposed by Steinhausen. 
The consis tent  t i m e  constant  obtained on th i s  bas i s  f o r  different frequency in-  
pu ts  is of the  s a m e  o r d e r  of magnitude, f r o m  seven  to ten, as that  obtained by 
sensat ion cupulometry.  A s  will be pointed out l a t e r ,  o ther  experimental  data  

specif ic  r e sponses  are associated,  one with t h e  s ensed  magnitude of velocity 
and one with nystagmus.  
appea r  to  be identical. 
examine the possibi l i ty  that  a var iab le  mode of prediction in  addition to adapta-  
tion and state of a r o u s a l  contr ibutes  to  the observed  var iabi l i ty  between s t imulus  

40 The da ta  of Niven and Hixson 

44 

3 - * 1. c- --- AI-..+ +v..n , -  ' -- n- l - - - -* -  '-..a +n +ha ~ - - a  p n n r i i i s i o t i .  LL Ld, l l lVL ,,- mar- ,  ".I y _ _ _ _ _ _  4 -  -----_ 

Under conditions of sinusoidal input, the two r e sponses  
It is the purpose of this  and succeeding r e p o r t s  to 

and r e sponse  under  different  test si tuations.  

The Leading Eye  Movement 

The leading e y e  movement,  l ike  the nystagmus, responds  differently to s inu-  
soidal  and o t h e r  f o r m s  of input. 
to sinusoida1,movements as r ep resen ta t ive  of a class of totally predicted inputs. 

W e  will p r i m a r i l y  cons ider  h e r e  the r e sponse  

Exper imenta l  evidence taken f r o m  da ta  published by Niven and Hixson4' will be 
presented  later to show tha t  f o r  a sinusoidal input within the  frequency response  
of the s e m i c i r c u l a r  canals ,  the over-all  effect of nys tagmus  and l e m  is to p r o -  
duce both a series of fixating per iods  with the e y e s  s ta t ionary  in spzce,  and a 
shif t  of the gaze in the direct ion of velocity. 
is not taken into account in the kinesthet ic  computations of position, the e f fec t  

If w e  a s s u m e  that  the shift  of gaze  

-5 - 
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should be to loca te  objects  as displaced in a direct ion opposite velocity i f  the 
body is taken as re ference ,  o r  to locate  the body as displaced in t h e  direct ion 

of velocity if t he  environment  is the re ference .  

It can be speculated on teleological grounds that  th i s  shif t  of t h e  location of 
the body co r re sponds  to the  shif t  in s ensed  body axis ,  as d i i c u s s e d  in earlier 
repor t s .  30' 31' 35 

sight  would then cor respond to its location by m e a n s  of the sys t em of spat ia l  
representat ion,  with a shift  of s ensed  body axis.  Also, a lead in the direct ion 
of the gaze during a movement  of the head would provide f o r  a react ion t ime  de-  
l a y  t o  be used in recognizing an object  of in te res t ,  stopping nystagmus, focus-  
ing optokinesthetically on the object, s t a r t i ng  to t r ack  the object, and possibly 
stopping the head movement.  It will be noted, however, that  if the  gaze w e r e  

The location of the body with r e s p e c t  to the environment  by 

L4.A .. u., Y - - * - - -_  -' 2 2 L - 2  -_ -__. - ' - - - A  :- +h- rJ;roof+nn nf n e n s e d  velocitv, the displacement  of  an 

object in the oculogyral  i l lusion would be in a d i rec t ion  opposite cnac a c i u a i i y  

observed. Lem, l ike  nystagmus, r e q u i r e s  a different t r ea tmen t  f o r  different 
exper imenta l  si tuations.  

SOME BASIC PRINCIPLES O F  MECHANICAL A N D  
BIOLOGICAL CONTROL SYSTEMS 

Nystagmus is part of the over-all s y s t e m  of body control  and, therefore ,  is 

probably subjec t  to the s a m e  bas ic  pr inciple  of operation. A brief review of 
the operat ion of t h i s  s y s t e m  insofar  as it is understood is, therefore ,  per t inent  
to the problem at hand. We may  begin the d iscuss ion  by reviewing some  of the 
cha rac t e r i s t i c9  of mechanical  sys t ems .  

L inea r  Predic t ion  in Mechanical Control Sys tems 

A l l  control  s y s t e m s  r e q u i r e  a ce r t a in  amountof t i m e  to r e a c t  fully to a given 
s t imulus,  and the delay m a y  introduce considerable  e r r o r  in the response.  
The flywheel gove rnor  of a s t e a m  engine, the automatic  s t ee r ing  sys t em of a 
s teamship,  the autopilot of a n  a i rplane,  even the the rmos ta t s  in o u r  houses,  
are subject  to th i s  defect. In the w o r s t  condition, ene rgy  output f rom t h e  s y s t e m  

- 6- 
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is fed as input s o  as to  cause  oscil lation and a l o s s  of function. 

The defect can be  minimized by prediction. If a change of load on a s t e a m  e n -  

gine, the meet ing of a large wave by a s teamship,  t h e  encountering of a ve r t i -  
cal gus t  of wind by an  airplane,  o r  a var ia t ion  of the t empera tu re  outside o u r  
houses  could be predicted,  co r rec t ions  could be inst i tuted ahead of t ime  to 
cancel  out o r  minimize  the  effect of the var ia t ions of s t imulus.  

Pe r fec t  predict ion of a random input is not possible  by definition. But a degree  

of prediction can  be achieved on the average  by measu r ing  the rate of change of 
the input and a s suming  that  t h i s  rate will be maintained f o r  a given per iod of 
time. 
Be t t e r  predict ion m a y  be achieved by taking acce lera t ion  into account. 
acce le ra t ion  m e a s u r e d  a t  any pa r t i cu la r  moment  may be a s sumed  to r ema in  

per iod can  be computed on the bas i s  of t h i s  assumption, knowing in addition 
both the value of the s t imulus  and its rate of change. 
a l so  include the rate of  change of accelerat ion.  
beyond t h i r d  deg ree  predict ion of st imulus.  
accelerat ion,  and rate of acce lera t ion  functions which may be added to a s t imu-  

l u s  input for m o s t  accu ra t e  control,  knowing the na ture  of the s t imulus  and the 
cha rac t e r i s t i c s  of the control,  can be de te rmined  formal ly  by automatic  control  
l i n e a r  theory.  

This  mode of predict ion is uti l ized commonly in l i nea r  s e r v o  sys tems.  
Again, 

- -  _. r AI. - - L J  _-___ 1.., -.cL,, CL:, 
C 7 1 1 I l ~ I , ? J I l L  1 I J L  ~ 1 l U L I I G . L  t l i V t i L l  U G L L V U  UI ~ L L I I C ~ ~  A L A ~  v - r u u  v c  ---- - - . - -  

The control function may 
Conventional s e r v o s  seldom go 

The bes t  proport ion of velocity, 

Bu t  the bas i c  principle of reducing e r r o r  by predict ion in a n  
automatic  control  can  be visual ized v e r y  simply. 
advance tha t  the  t e m p e r a t u r e  outs ide o u r  houses  w i l l  d rop  at a ce r t a in  tl’me and 
at a cer ta in  ra?e, t h e r e  will be a lesser change of t empera tu re  inside the house 
if we turn the rheos t a t  up before  the t empera tu re  actually drops.  
cu la r ly  t r u e  if we  have slow reac t ing  heating sys t ems .  
appear  to  u s e  s i m i l a r  s c h e m e s  of predicti0.n when no o t h e r s  a re  available. 

I€, €or instance,  w e  know in 

This  is pa r t i -  
Biological s y s t e m s  

T h e r e  is another  bas i c  problem in the use  of automatic  controls .  The sensing 

ins t ruments  of the control  make  unavoidable e r r o r s  in  measu r ing  the st imulus.  
This  is usual ly  e x p r e s s e d  by saying tha t  the signal input contains a cer ta in  

-7- 
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proportion of noise. 
posit ive and somet imes  negative, the ra t io  of signal-to-noise can be improved 
by averaging the s ignal  o v e r  a per iod of t ime. Th i s ,  however, has  the effect  
of slowing down the r e sponse  of the control,  requir ing a g r e a t e r  degree  of p r e -  
diction. Norber t  Wiener  developed a theory making possible  the computation 
of p red ic to r s  capable of optimizing the per formance  of automatic  controls  and 
minimizing mean squa re  e r r o r  when the noise and frequency content of the s ig-  
nal, together  with the frequency response  of the control,  are known. The 
choice of the  mean s q u a r e  e r r o r  as a c r i t e r ion  is no doubt governed by the fact  
that  it makes  possible  a l i n e a r  formulation of the problem, 
a r b i t r a r y  to a s s u m e  that  t h e  undes i rab leness  of a n  e r r o r  is proportional to the 
squa re  of the magnitude. 
no such assumption. 

Under the  assumption that the noise  may be somet imes  

52 

But it s e e m s  r a t h e r  

W e  will see l a t e r  that the biological sys t em makes  

mi-- n;-iA-;nn~ P ~ - + , . ~ I  u ~ ~ ~ + ~ ~  _ - _ -  - v 
~ 

E a r l y  expe r imen te r s  7y  83 9J  lo' 

ica l  s e rvo  theory  to t h e  control  of human body controls.  The exper iments  they 
devised c a m e  genera l ly  under  the c l a s s  of vstracking'z o r  gFcompensatory" tasks .  
In the first, the ope ra to r  would manipulate a control  s o  as to follow a given in-  
put as well as possible.  
out the input. 
a cathode r a y  tube (crt) and suitable controls.  
crt  would be control led by the input and the task  of the ope ra to r  would be e i the r  
to ope ra t e  the control  s o  as to cause  a second spot  to r ema in  centered  on the 
f i r s t ,  o r  to compensate  f o r  the input and keep the spot  centered,  Both t a sks  
are typical of-€hose normal ly  pe r fo rmed  by mechanical s e rvos ,  

453 47 very  natural ly  t r i ed  to apply mechan-  

In the second, the control  w a s  manipulated to cancel  
The test se tup  may  have consis ted of a moving spot  presented  on 

The position of the spot on the 

Var ious  types of inputs w e r e  used, including step,  sinusoidal,  and random. 
Severe d iscrepancies  were found in the response  to these  var ious  inputs on the 
b a s i s  of l i nea r  s e r v o  theory.  The r e sponse  to a s inusoidal  function w a s  p a r t i -  
cu la r ly  at var iance  to that  expected f r o m  a mechanical  se rvo .  Below the n o r -  
m a l  high l imi t  of frequency response  of the human ope ra to r  t h e  response  w a s  
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in-phase with the input, with a s m a l l  attenuation of amplitude. According to 

conventional l i n e a r  theory,  such  r e sponse  would have r equ i r ed  a v e r y  much 
higher f requency r e sponse  than tha t  of the human servo .  
ing situation, e m p h a s i s  was  placed on random input. 
t imes  analyzed mechanical ly  by c ross -cor re la t ing  the input with the output. 
analysis  showed tha t  t h e r e  w a s  s o m e  80 pe rcen t  of t r u e  cor re la t ion  between the 
two and a res idue  of 20 pe rcen t  of noise,  
conclusion. 

To  avoid th i s  d i s turb-  
The  r e s u l t s  were  s o m e -  

The  

The ana lys i s  usually stopped with th i s  

To account f o r  the r e sponse  to pu re  s inusoidal  function, M a ~ n e ~ ~  proposed the  
hypothesis that  the human control  s y s t e m  p o s s e s s e s  non-linear predict ion 
methods not usually found in  mechanical  s e rvos .  
be based on the s imple  assumption that what has  o c c u r r e d  repeatedly in the p a s t  

-_ . 10 

One such  method appeared  to 

-' -------  -F+'--f n.h-nrxinn n v  r r ) a , i v  t f A U ' E i I r r l r u r L v r y r u  
0 -  - will occur -dgallla i 11G uu V U I I V -  -I_- 

w a s  evidence of t h i s  type of prediction, 
peatedly to a s t e p  input of a given amplitude and is then presented  a s tep  of a 

different amplitude,  h i s  r e sponse  will co r re spond  to an  amplitude between the 
preceding and the new ones.  
ing inputs would all be of the  s a m e  magnitude. Th i s  wa,s a useful predict ion 
which made the r e sponse  m o r e  accu ra t e  as long as the input did not change. 
When a different  input was  presented,  the  predict ion s y s t e m  had to give weight 
to the  possibi l i ty  that  i t  w a s  a n  e r r o r  and elected to  respond to an  amplitude be-  
tween the prev ious  and the new one, as the  m o s t  probable  c o r r e c t  r e sponse  on 
the b a s i s  of avai lable  data, and its method of prediction. 
function should pe rhaps  be e x p r e s s e d  as re la t ive  to the mode of prediction. 

M a ~ n e ~ ~  pointed out  t ha t  i f  the  r e sponse  to a s ingle  s t e p  input is divided into 
two phases ,  the  reac t ion  time delay and the r e sponse  proper ,  it can be shown 
tha t  the latter p a r t  conforms to a l i n e a r  s e r v o  response.  It appeared,  t h e r e -  
fo re ,  tha t  the reac t ion  t ime  w a s  uti l ized in computing a n  in te rna l  p rog rammed  
input and that the movement  was  c a r r i e d  out  in  c losed  loop as a r e sponse  to a n  
internal  input. 

If a n  o p e r a t o r  is asked  to respond re- 

The s y s t e m  apparent ly  had predic ted  that  succeed-  

Predic tab i l i ty  of a 

f 

30 T h i s  mode of r e sponse  w a s  d i scussed  in a n  earlier paper.  
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P r o g r a m m e d  r e s p o n s e  appeared,  a lso,  to s e r v e  another  function. A body move-  
men t  in c a r r y i n g  out a specif ic  task,  such as jumping o v e r  a ditch, catching a 
ball, o r  s imply  walking, includes many component nioveinents which must  be 
proper ly  harmonized.  
movements  and  m u s t  divide the i r  t ime in secur ing  such data. 
therefore ,  of e n o r m o u s  advantage if t h e  ro l e  of the eyes  could be l imited to the 
collection of data, and the n e c e s s a r y  movements  to achieve a specif ic  objective 
be computed and  c a r r i e d  out  without them. 
happen. 

The  e y e s  must  supply da ta  to many such  component 
It would be, 

This  is prec ise ly  what s e e m s  to 

Recognizing the  merit  of a sys t em which would p e r m i t  multiple utilization of the 
eyes  through time sharing,  M a ~ n e ~ ~  suggested t h a t  i f  the  human ope ra to r  should 
be given a single task,  such  as responding to a random function, and the e y e s  
h a d  nnfh iny  P!IZQ fn rln excent to observe  the var ia t ions of th i s  random input, 

they would e n t e r  into the c losed  loop control as p ropr iocepwrs  BU L L M L  L ~ u ~ c , L ~ ~ ~  

t ime  delay would be el iminated with a resul t ing improvement  in the per formance  
of the  control, 
s e a r c h  p rograms .  

T h i s  hypothesis and o t h e r s  w e r e  t e s t ed  in two succeeding re- 

These  p r o g r a m s  had f o r  a n  objective the investigation of a pilot-aircraft  sys tem.  
The t e s t  se tup  included a s imula ted  one ax i s  of f reedom a i rp lane  and sui table  
control  f o r  an ope ra to r .  The simulation was  acted upon by s imula ted  random 

gus t s  of wind and the task  of the ope ra to r  w a s  to maintain the a i r c r a f t  as level  
as possible  by m e a n s  of a s t ick  control. The s imula ted  att i tude of the a i r c r a f t  
was read on a 6x3. In the init ial  p rog ram the pilot w a s  s ta t ionary;  in a second 
program,  ro,H was introduced to provide ves t ibu lar  cues ,  In no case, however, 
was t h e  hypothesis  confirmed. N o  evidence was  d iscovered  of the eyes  ope ra t -  
ing d i rec t ly  as p ropr iocep to r s  in the c losed  loop control  of the ope ra to r ' s  hand 
movements.  Instead,  the following mode *of operat ion was  revealed. 

The ope ra to r  would set, unconsciously, a threshold  of e r r o r  below which a p r e -  
viously es tab l i shed  p r o g r a m  would continue unchanged, 
reached,  and following a reac t ion  t ime  delay, a preset o r  p rogrammed  movement 

A s  the threshold w a s  
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would take p lace  to  c o r r e c t  the p rogram and cancel  the e r r o r .  A react ion t ime  
could be measu red  between reaching the threshold and the beginning of the change 
in  the program. 
d iscussed  here ,  but it became obvious that th i s  s cheme  had dis t inct  advantages 
o v e r  a conventional s e r v o  sys tem.  

Some of the detai ls  of t h e  dynamics of the  si tuation cannot be 

A conventional s e r v o  s y s t e m  may h a v e  uti l ized a Wiener  p red ic to r  which would 
have minimized mean squa re  e r r o r  for  the s imula ted  random gust  input, 
t h e r e  is a r equ i r emen t  of g r e a t e r  impor t  than minimizing mean squa re  e r r o r  in 
a typical l i fe  si tuation. 
c a n  be permi t ted  to  ro l l  within ce r t a in  l imi t s ,  an automobile can wander  o v e r  
the road within a lane,  an acrobat  standing on his  head at the top of a long pole 
can  osci l la te  within ce r t a in  l imi t s ,  o u r  body when standing erect can sway 
thmnrrh R s m a l l  angle,  o u r  ances t r a l  apes f o r  whom the sys t em was  supposedly 
adapted and per fec ted  could a l so  sway s i i g n u y  ab u t ; y  w a L n G u  

The mean s q u a r e  e r r o r  means  v e r y  little in all these  si tuations.  
important  to avoid a catastrophy. Such a catastrophy could occur  if, because 
of "noise" in the  detection of position, the sys t em would call f o r  a cor rec t ion  
opposite that  requi red ,  If a d r ive r ,  f o r  instance,  thinks h is  c a r  is too far to 
the lef t  in a l ane  of t ra f f ic  when it is actual ly  too far to  the right, a c r a s h  may 
occur  as a r e s u l t  of the wrong cor rec t iono  
by smoothing t h e  s ignal  o v e r  a per iod  of time, This ,  unfortunately, has  the 
effect  of slowing down the s e r v o  react ion and may  lead  to another catastrophy 
because of too slow a react ion if  an automobile f r o m  the next lane  c r o s s e s  o v e r  
unexpectedly, 
The need for'*smoothing is avoided by set t ing a threshold  above noise while p r e -  
s e rv ing  fast r e sponse  f o r  emergency  situations.  The s y s t e m  has,  also,  the 
advantage of minimizing the effor t  requi red  in effecting control,  and the mini -  
mizing of e f for t  a p p e a r s  to be an ever-present  goal of the biological system. 
Th i s  model of control. s y s t e m  was  s imulated with an analog computer  and was  
found to have a r e sponse  to a random input a lmost  identical  to that  of a man. 

But 

N o  ca tas t rophic  mis take  m u s t  occur ,  The a i r c r a f t  

'I. 1 - -  . I,,, Z1..LL_. 

It is m o r e  

This  s o r t  of d i s a s t e r  may  be avoided 

The biological sys t em is able  to have its cake and eat it, too. 
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The price which has  to  be paid f o r  these advantages o v e r  a typical Wiener  f i l t e r  
is of s m a l l  impor t  to the  biological system. It is only that  the output does not 
co r re l a t e  per fec t ly  with the  input and, as indicated, that  t h e r e  is a res idue  of 
noise in the l i n e a r  cor re la t ion  between input and output. But, again, t h e  mini-  
mizing of ca tas t rophies  and requi red  effor t  are  of g r e a t e r  value to the biologi- 
cal s y s t e m  than any o t h e r  l i nea r  control  charac te r i s t ic .  

Responses  to a Sinusoidal Input 

F igure  1, reproduced f r o m  the r e p o r t  by Mayne, 34 shows the response  of the 
hand in following a s inusoidal  input presented  visually. The response  f o r  the 
first few cyc les  as indicated in F igure  l(a) h a s  definite l ag  cha rac t e r i s t i c s  
such  as may  b e  found in a typical c losed loop servo.  
response  w a s  labe led  l lc losed loop response.  'I T h e r e  are doubts, however, 

F o r  th i s  r eason  th s  

* 7 - - T I  - -__  :--- - F -... - - . ... . 
0 '  

* n ~  mar T n e  re=non.se I S  I I I  L I I ~ ~  L V U G  G V F I I  ALL c . ~ ~ v  I.II-A.uzuI p v I A . v - -  - - - - - .  --- 

cycles ,  the phase  sh i f t  and the attenuation of the r e sponse  near ly  d isappear  f o r  
the frequency input of one cps  as indicated in F igure  l (b) .  
labeled "synchronous response.  l1 The change of r e sponse  can ,be  a sc r ibed  to a 
change in the mode of prediction, which could be cons idered  as a f o r m  of v e r y  

This  response  is 

fast adaptation. The s y s t e m  is predicting, then, that  the osc i l la tory  input which 
has  been experienced for  a few cyc les  wi l l  continue indefinitely. A program h a s  
been genera ted  in t h e  CNS to cor respond to the visual  input. It is not difficult  
to conceive of a mechanism capable of this type of operation. Mayne3* used  
the analogy of a n  autopilot which would be provided with means  of generat ing 
in te rna l  sinusoidal input  functions of a varying frequency, amplitude, and phase. 
A pilot  presenJed on a cockpit  ins t rument  with a sinusoidal external  output 
generated f r o m  the  ground could adjust  these  th ree  values  to follow indefinitely 
the ex terna l  output if the  latter remained  unvarying. The  accuracy  with which 
the ex terna l  output would be  followed would depend on t h e  abil i ty of t h e  pilot to 
detect  phase and  amplitude e r r o r s ,  and on the frequency response  of the auto- 
pilot aircraft s y s t e m  as re la ted  to the frequ,ency of the input. 
however, that  a m o r e  accu ra t e  response  to an unvarying sinusoidal input would 
be possible  by m e a n s  of th i s  s y s t e m  than with a conventional c losed loop s y s t e m  

It is apparent,  
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Figure  1, Typi cal response  to s imple  sinusoidal input. * 
*Reproduced from a report  published in  Elec t r ica l  Engineering, March  1951 issue,  

entitled "Some engineer ing a spec t s  of the mechanism of body control, '' by R Mayne. 
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of the s a m e  frequency r e sponse  utilizing l i nea r  prediction. Because  of th i s  

pilot-autopilot-aircraft analogy t h i s  type of response  has  been called s o m e  - 
times the "autopilot response .  '' The response  to sinusoidal input is s imply a 
special  c a s e  of the  r e sponse  of the biological s y s t e m  through in te rna l  p ro -  
gramming. M a ~ n e ' ~  showed that  the r e sponse  to a repea ted  pa t te rn  of equally 
spaced s t e p  inputs of the  s a m e  magnitude is also p rogrammed  in the s a m e  
manner.  

The response  of the biological sys t em is, of course ,  not as  permanent  as in the 
above analogy. A s  in  all cases of t h e  control of body movements? and of the 
relat ion of the  biological o rgan i sm to its environment,  continuous adaptation 
takes  place. 
t ions of the in te rna l  p rog ramming  o r  the  response  will de te r iora te ,  as can be 

T h e r e  m u s t  be frequent  checks of input v e r s u s  output and c o r r e c -  

-- - ' - - - - - - - t - - + n A  -- - _ _  - 
h-7 a i m n l w  p l n s i n p  the eves,  " 

24 It  is in te res t ing  to  note tha t  data  published by J o n e s  and Milsum regard ing  
eye movements  in following an oscil lating t a rge t  with head s ta t ionary  show a 
phase shift  and attenuation quite s i m i l a r  to that  shown in F igure  l ( b )  fo r  a fre- 
quency of one cps. 
cluded optokinesthetic sens ing  but differed in that  the output of one was a hand 
and the o the r  a n  eye  movement. The findings of Young53 in t h e  analysis  of eye  
movements  of vary ing  d e g r e e s  of complexity, of Fender13 in opening the feed-  
back loop to optokinesthetic sensing, of Michael and Jones39 in observing the 
response  to a random st imulus,  all f i t  into the broad context of body movements.  
It s eems ,  therefore ,  tha t  eye movements  and nys tagmus  should be  t r ea t ed  in 
t h i s  broaderadontext .  

The  two test si tuations were  s i m i l a r  in  that they both in- 

Jones  and M i l ~ u m ~ ~  c a r r i e d  t h e i r  exper iments  with eye  response  to f requen-  
cies beyond one cps. They  showed that  as frequency is increased ,  the ampl i -  
tude rat io  d e t e r i o r a t e s  faster than phase as would be predicted by conventional 
s e r v o  theory. 
phase and amplitude e r r o r s ,  o n t h e  programming,  and on the dynamic c h a r a c -  
teristics of the control  sys tem.  

The  r e sponse  depends on t h e  abil i ty of the sys t em to detect  

It can be visualized tha t  the adjustment  of phase 
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to match the input p l aces  less r equ i r emen t s  on the s y s t e m  than the matching of 
the amplitude. 

The human control  s y s t e m  has  rece ived  considerable  attention of late f rom con- 
t ro l  engineers  5' 6' "' 36' 37' 42' 51 in  the ana lys i s  of va r ious  man-machine 
sys tems.  
ses may have been an obs tac le  to the wide disseminat ion of t he i r  findings to 
physiologists and psychologists.  It is hoped tha t  the preceding s imple  d i s -  
cussion may suff ice  in  providing a background fo r  fu r the r  discussion of nystag- 
mus  response.  

The highly special ized mathematical  techniques used  in these  analy-  

NYSTAGMUS RESPONSE TO A SINUSOIDAL INPUT 

Nystagmus mus t  be coordinated with body movements.  It would appear,  there- 
- .  - - - - - - - -  ---- e-- .-. =.---In- h n A v  mnsramont filin1lld ~ 1 s ~  - . .  

0 - -  +u+tj. l1ica.b l r l l c I  & L L b u A ' * a A  __-_______ 
include the input f o r  nystagmic response.  
cussion that  p r o g r a m s  are constructed not only f o r  willed movements,  but a l so  
for  i m p r e s s e d  movements  of a s imple  repea ted  pat tern.  Such a p rogram calls 
for  no muscle  reac t ion  to move the body, but provides  fo r  p rope r  anticipation 
of the movement  and f o r  control  of the nystagmus. 
hypothesis regard ing  the manner  in which these in te rna l  p r o g r a m s  m a y  be con- 
s t ructed,  
to cons t ruc t  and the nystagmic response  should be quite s i m i l a r  to tha t  of a 
"willed" movement in no rma l  body activity. 

It appea r s  f rom the previous d i s -  

W e  wi l l  fo rmula te  l a t e r  an  

A p r o g r a m  f o r  a sinusoidal i m p r e s s e d  movement should be s imple  

Niven and Hixson" conducted an excel lent  series of exper iments  where  nystag- 
mus  was  meagured f o r  different  f requency inputs. 
conventional control  theory  using L a p l a c e  t ransform.  
tha t  t he  r e sponse  to va r ious  f requencies  is v e r y  closely predicted by the theory  
in the way of phase shift  and attenuation. The  da ta  make  it possible  to compute 
the t ime  constant  of the cana ls  and give consis tent  r e s u l t s  f o r  var ious  frequen-  
cies. On the b a s i s  of such data,  it would be e a s y  to conclude that  the r e sponse  
is in  d i r ec t  c losed  loop control  with s e m i c i r c u l a r  canal  input. Niven and Hix- 
son4' s e e m  to a s s u m e  that  such  is t h e  case.  

The da ta  w e r e  analyzed by 
The ana lys i s  showed 
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fJo.iireVer, the steady-state response  to a p rogram such  as indicated above can-  
[lot be distinguished f r o m  a closed loop response.  
the subject  is in the da rk  and has  no information o the r  than supplied by the v e s -  
tibule, neglecting body react ions.  
adaptation which h a s  taken place during no rma l  body activity and body move- 
ments. These  movements  are within the bandwidth of frequency of the  s e m i -  
c i r cu la r  canals.  If, now, a frequency below th is  bandwidth is i m p r e s s e d  on 
the body, with no o ther  s enso ry  da ta  available, the sys t em would have no way 
of knowing that  the ves t ibu lar  signal is advanced in phase with r e s p e c t  to the 
input. 
Any p rogram that  would be constructed on the bas i s  of these da ta  would a l so  
show the s a m e  phase shift. 
eyes  open for a substant ia l  per iod of t ime  at a frequency we l l  below the no rma l  

It mus t  be visualized that 

H e  will i n t e rp re t  these  data  in t e r m s  of the 

It would in t e rp re t  th i s  signal as corresponding to a t r u e  body position. 

It would be in te res t ing  to osc i l la te  a subject  with 

- - -A- A'- - - - - - I -  nnrr 1 %  I ) + .  nna ' j . n p  nnn.qp, , ,V ,9LLaLIIIIUD 
Y .  

A&GYU.GUuy ~ v ~ y ~ ~ ~ u u  -- -I-- , 

with r e spec t  to the input oscil lation could then be observed,  first with eyes  
open, then with e y e s  closed, If adaptation had taken place, t h e r e  would be no 
phase shift  at th i s  frequency, but a phase shift  would be observed  f o r  a fre- 
quency such  as 0 . 2  cps  within the bandwidth of the canals.  

P rogrammed  re sponse  could be  distinguished f r o m  closed loop response  by ob-  
serving the whole h is tory  of the response  f r o m  the t i m e  the motion is first 
impressed  on a subject,  p referab ly  a naive subject  who had neve r  been sub-  
jected to th i s  type of test. A change of response  as shown in  F igure  1 would 
stm ngly suggest  a p rogrammed  mode. 
to stop the osail lation suddenly, perhaps  a t  the point of z e r o  velocity, and 
observe whether  the response  would continue f o r  a while without ex terna l  in-  
Put. It m u s t  be  noted tha t  stopping a continuous oscil lation, even at the point 
of ze ro  velocity, w i l l  cause  a sudden a l te ra t ion  to the velocity, or accelerat ion,  
Pattern that  wi l l  be detected by the sys tem,  causing a change in t h e  programming.  
A react ion t ime  would be requi red  before the change could be effected. 

Another c r i t i ca l  exper iment  would be 

z 
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AS indicated above, the t ime  constant of the  sys t em de termined  f r o m  Niven and 
Hixson's da ta  
o r d e r  of magnitude as that  determined by sensat ion cupulometry.  This  r e s u l t  
would s e e m  to indicate tha t  f o r  the conditions of tes t ,  t h e r e  is no discrepancy 
between the sensed  magnitude of velocity and vest ibular  response  as observed  by 
cupulometry during a post-rotational per iod  o r  a p ro t r ac t ed  s teady  accelerat ion.  

Some observat ions by Bekesy s e e m  to confirm this  view. Bekesy noted the 
sensed  point of r e v e r s a l  as repor ted  by o b s e r v e r s  being osci l la ted at var iab le  
frequencies.  
and the sensat ion of r e v e r s a l  of the direct ion of turning shows a s i m i l a r  phase 
difference with r e s p e c t  to actual  motion as that observed  by Niven and Hixson 
on the bas i s  of nystagmus. 
of observat ions w uld be, therefore ,  s i m i l a r ,  The  evidence s e e m s  clear, t he re  - 
fnre. that  t h e r e  is no d iscrepancy  between vest ibular  and s e n s o r y  data under  

the conditions or an imposeu b l i l ~ ; 3 u I u a r  LaLu;L.. :f;: ' J  T+ + *  hofiax'an 

same conditions preva i l  fo r  no rma l  willed movements.  

40 on nystagmic r e sponse  at var ious  f requencies  is of the s a m e  

1 1 

T h e s e  frequencies  w e r e  below the no rma l  bandwidth of the canals ,  

40 

The t ime  constant de te rmined  f r o m  these  two sets 

. -  - 

PROGRAMMING O F  BODY MOVEMENTS 

(An hypo thes i s )  

W e  can find many examples  of repea ted  pa t te rns  of movements  during normal  
body activity. In o the r  movements  

the pa t te rn  may o c c u r  only once. 
j u s t  sl ipped through o u r  f inge r s  before  it falls to the ground is of t h i s  type. 
can be speculated tha t  such pa t t e rns  are developed, s t o r e d  in neura l  cen ters ,  
and are act ivated by a t r igger ing  Sensation such as caused by the object slipping 
f r o m  the hand. 
tion t ime delay, 
movements  is governed by unpleasant sensat ions re la ted  to conflicting s i tuat ions 
and tha t  motion s i ckness  is a n  exaggerated manifestation of these react ions.  
W e  have indicated, also,  that  the consequences of the conflicting situation, 
bes ides  the conflict itself, is a significant fac tor  in t h e  unpleasantness  of the 
sensation. A s  repor ted  by Guedry and Graybiel19 a Coriolis i l lusion to the 

The s imple  ac t  of walking is of this  type. 
O u r  react ion to  catch an  object  which h a s  

It  

The search f o r  the p r o p e r  pa t te rn  t akes  place during t h e  reac- 

W e  have suggested earlier that  the organizat ion of o u r  body 
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effect  that  the body is pitching forward  is m o r e  unpleasant  than one to the 
e f fec t  that  it is pitching backward. 
is more  threatening than the la t te r .  
a l a r m  reac t ions  usual ly  t r i gge red  by conflicts. 
is controlled unconsciously without sensat ions,  s e n s o r y  da ta  being uti l ized 
without c rea t ing  conscious reactions., 

This  mus t  be because the  f o r m e r  i l lusion 
Sensations,  themselves ,  w e r e  sa id  to be 

The bulk of body movements  

W e  may t r y  to be m o r e  specif ic  regard ing  the manner  in which p r o g r a m s  are 
constructed with a tentative hypothesis. 

When the body is first subjected to a sinusoidal i m p r e s s e d  movement, as in the 
tests of Nivenand Hixson, 40 the ves t ibu lar  s e n s o r y  da ta  are unexpected and 
produce an unpleasant sensat ion,  
tends to null out t h i s  s e n s o r y  input. 
there  r ema ins  a progranr- W L I I ~ ~ ~  

disappear  and c e r t a i n  body motions,  in t h i s  c a s e  only nystagmus, are con- 
t ro l led  by the program.  
movbments to provide prediction, but mus t  a l so  be t imed proper ly  to null out 
sensory  output. T h e r e  m a y  be a place, therefore ,  in the sys t em fo r  the equi -  

The sys t em then gene ra t e s  a p r o g r a m  which 
When th is  input h a s  been proper ly  nulled, 

- .  . .aub..X-.-z zf +?- - n + v l n ~  m n ~ l n n .  m ? l J h a L I ’ J i L U  

The p rogram can be advanced in t i m e  in the control  of 

valent of delay l i nes  such  as used in electrical c i r cu i t ry  to provide p rope r  t i m -  
ing f o r  both functions. 

W e  may  speculate  about the level at which the nulling out  occurs .  
at the per iphera l  l eve l  through the ex is tence  of presynapt ic  nerve  endings 
(Engstrom12), which could a c t  as an e f fe ren t  s y s t e m  in inhibiting ves t ibu lar  
output in a m,atlner s i m i l a r  to the suppress ion  of audi tory nerve  activity demon- 
s t r a t ed  by Galambos. l5 
the program,  and only ves t ibu lar  outputs not being nulled out by the p rogram 

would be taken into account. On the bas i s  of t h i s  hypothesis,  only s e n s o r y  out-  
puts which would not be so  nulled, would produce sensa t ions  which, however, 

would not be n e c e s s a r i l y  unpleasant. 

It may occur  

Body movements  would then be control led en t i re ly  by 

They could be amusing o r  interest ing.  

A v e r y  significant exper iment  per formed by Guedry and Graybiel18 lends  
weight to th i s  hypothesis. They found that  subjec ts  in a slow-rotating room 
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would adapt a f t e r  a ce r t a in  t ime  to movements  of the head toward a shoulder.  
Originally, th i s  movement  had caused ve ry  s t rong  sensa t ions  both of unpleas- 
antness  and of pitching e i the r  fo rward  o r  backward, 
sensat ions had disappeared.  
the  sensed direct ion of pitching w a s  r e v e r s e d  that  previously observed  f o r  the 
s a m e  head movement. 
pensatory" reac t ions  had occurred .  
could say  that  a p r o g r a m  h a s  been genera ted  in the C N S  to cancel  out the sen -  

With adaptation, the 
They r eappea red  when the room w a s  stopped, but 

Guedry and Graybiel18 concluded t h a t  "conditioned com-  
On the bas i s  of the p re sen t  hypothesis, w e  

so ry  output. 
established response  to  the sensat ion of pitching fo rward  o r  backward. 
out the senso ry  output when the rotation of the room was  stopped, the p r o g r a m  
was not nulled out  and produced a react ion opposite that  of s enso ry  data  alone. 

The p r o g r a m  had a l so  the effect of modifying the previously 
With- 

Groen" exDressed a view in accord  with the p rogrammed  concept of body con- 
t rol  d i scussed  here to account Ior naDiLuaLiUn LU LIVS l I l U V G l l l G l l L  "; a D;Lr L, - 
passenger  and for the  acquisit ion of h i s  sea  legs .  He w r i t e s  in pa r t ,  "(The 
passenger)  having built  the m e m o r y  of the pa t te rn  (of the ship movements) ,  
the pa t te rn  cen te r  took hold of the automatic  balance control  and under  guidance 
of the  vest ibular  s y s t e m  reg i s t e r ing  movement, it allowed the test subject  even 
to anticipate the  coming movement,  The  fur ther  suggestion is made h e r e  tha t  
the pattern,  o r  the p r o g r a m  built up to cancel  out the ves t ibu lar  s enso ry  pat-  
tern,  provides  p rec i se ly  the  information which is needed to counteract  t h i s  

motion. The vestibule,  then, would function to maintain the accu racy  of the 
programming, and would de tec t  any deviations in  body movement  f r o m  that  
anticipated by the program.  
disembarking*"is caused  by the programming which is s t i l l  in fo rce  and which 

The  sensat ion exper ienced  by a passenger  after 

is not cancelled out  by s e n s o r y  s ignals ,  and may  be t r igge red  by a random 
sensat ion s i m i l a r  to that exper ienced  on board ship. 

observe  subject ively whether  the sensat ion in this  case is the r e v e r s e  of the 
normal  ship motion as in the case of cor iol is .  

It would be in te res t ing  to 

The control of body movements  in accordance  with this  hypothesis d i f fe rs  s o m e -  
what f r o m  that  suggested in an earlier report .30 According to the p re sen t  

-1 9- 



GOODYEAR AEROSPACE 

G E R A-1 0 80 

suggestion, all body cont ro ls  would be by means  of in te rna l  programming.  
The vestibule, l ike  the eyes ,  would not act as propr ioceptors ,  o r  feedback 
s e n s o r s  i n  the control  of body movan ent. 
and supply data  f o r  the construction of sui table  programs.  If b i la te ra l  laby- 
r inthectomies  cause  a l o s s  of coordination in monkeys as repor ted  by Johnson, 
e t  al, 22  it would be because  the no rma l  monkeys could construct  be t te r  p r o -  
g r a m s  because of the availabil i ty of m o r e  p r e c i s e  vest ibular  s ignals .  

They would only produce sensa t ions  

Obviously, cons iderable  e f for t  will be requi red  to reso lve  s o m e  of the problems 
which  t h e  hypothesis raises. 
clear ing up o the r  p rob lems  in the control  of body movements.  
appeals to  t h e  intuition of a control engineer ,  

But  it appea r s  to  hold considerable  p romise  of 
Somehow it 

ANALYSIS O F  DATA 

F o r  the purpose  of i l lus t ra t ing  nystagmus response  to s teady sinusoidal input, 
the data  f o r  an output f requency of 0,2 cps  is taken f r o m  the paper  by Niven 
and Hixson.40 Th i s  f requency is well within the bandwidth of frequency res- 
ponse in a previous  report.31 The da ta  in the r e p o r t  a r e  reproduced  at a s m a l l  
scale and e r r o r s  m a y  have resu l ted  in var ious  measurements .  
time, the subjec t  u sed  in these  exper iments  s eemed  to  exhibit a lack of s y m m e -  
t r y  between clockwise and counterclockwise rotation, 
believed good enough f o r  the purpose of t h i s  repor t ,  

A t  the s a m e  

But the accu racy  is 

Figure 2 i l l u s t r a t e s  the ana lys i s  of these  data. 
ment  of subjeqt’s  head re la t ive  to space  v e r s u s  t ime; F igure  2(b) the  c o r r e s -  
ponding velocfty, 
data  of Niven and Hixson.40 Figure  2(f) shows a plot of the velocity of the e y e s  
during the slow phase  of nys tagmus  v e r s u s  the velocity of space  relat ive to the 
head. The  co r re l a t ion  appea r s  quite good and the e r r o r  between the two m a y  
be accounted f o r  in t e r m s  of lack  of accuracy,  e i t h e r  of nystagmus control  o r  
in  the in te rpre ta t ion  of the data. 

F igu re  2(a) shows the displace-  

F igu re  2 ( c )  shows the nystagmus as taken f r o m  published 
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Curve 2 of F igu re  2(d) shows a plot of eye position in space.  
that  the eyes  r e m a i n  genera l ly  s ta t ionary  in space  during the slow phase of 
nystagmus and provide reasonably accura te  per iods  of fixation, good enough 
to recognize  a n  objec t  of i n t e r e s t  during a tu rn  of the head. Th i s  curve  c o r r e s -  
ponds to that  published by J o n e s  and MilsumZ4 f o r  the case of "head osc i l la t -  
ing, e y e s  scanning s ta t ionary  scene. 

The plot shows 

The point on the eukve where  the  slow phase nystagmus begins co r re sponds  to 
the direct ion of t he  gaze  and does  not cor respond to body position a t  the s a m e  
time, The difference is the r e su l t  of lem.  If, as postulated earlier, t h i s  eye  
movement  is not taken  into account in  the optokinesthetic computations of eye 
direction, the posit ion of the body with r e s p e c t  to the environment  would be 
shifted accordingly.  
mo-vement because  t h i s  movement e n t e r s  in t h e  computations. 
a s ine  wave is drawn tnrougn me sLarLrng ~ O L I L L D  

The shift  would be maintained during the slow phase  eye  
If, therofor e, 

r -I._ ___- __ -  &= ,;,,. r:Luuv . A J u l I  m--- -- I 
it will  r e p r e s e n t  t he  ave rage  sensed  position of the body with r e s p e c t  to the 
environment  as de te rmined  visually. 
position of the body. 
the cycle  and ind ica tes  that  the lead  is proportional to velocity ( F i g u r e  2e),  

with a maximum of about 18 degrees .  
quency of 0 .2  c p s  co r re sponds  to a t i m e  advance of 0 . 2 5  second corresponding 
to a reac t ion  time delay of ave rage  duration. 

This  curve  shows that the gaze l e a d s  the 
Curve  3 of F igure  2(d) shows the amount of l ead  during 

It will be noted that such  l ead  a t  a f r e -  

It can  be speculated,  as indicated earlier, that  th i s  l ead  may s e r v e  one of two 
re la ted  purposed, o r  both, It could harmonize  sensed  position establ ished 
e i t h e r  visuall$,or through the sys t em of spa t ia l  representa t ion  and/or could 
provide a reaction. t i m e  delay to p e r m i t  recognition of an object during a tu rn  
of the head, s top  nystagmus,  focus on the object  optokinesthetically, s t a r t  a 

t racking  mode of r e sponse  of the eyes,  possibly s top the head movement,  and 
initiate o the r  appropr i a t e  m e a s u r e s ,  F u r t h e r  experimentat ion is requi red  to 
es tab l i sh  m o r e  definitely the cha rac t e r i s t i c s  and in tegra ted  functions of th i s  
shift. 
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Discussion 

The r e sponse  of nys tagmus  to a sinusoidal input of motion i m p r e s s e d  on the 
body a p p e a r s  to be  fully accountable in t e r m s  of the s imple  differential  equa-  
tion proposed  by Steinhausen. 44 T h e r e  appea r s  to be no d iscrepancies  between 
the  velocity of s low phase  nys tagmus  and the sensed  cha rac t e r i s t i c s  of the 
motion in the  way of amplitude and phase. 
pond to no rma l  willed movements  of the body in that  the input is fully ant ic i -  
pated and in te rna l ly  programmed.  It is believed, accordingly, tha t  in no rma l  
willed body movements  t he re  is also full ag reemen t  between s e n s o r y  da ta  and 
n y s fag m u s 

The response  is believed to c o r r e s -  

The  control  of nys tagmus  is believed t o  be governed by the s a m e  l aws  as o ther  
body movements  and should be investigated within this  b roade r  context, P r e s e n t  

1 - - - -  - - - - - - : - A  -.d. L,, $%.,+nwm*l - -  . . - _  
@VlOf?ln(:t: 1.5 1 .1~  L i l t :  c i i c b b  b u a b  a L A  wvu y V L I L V I A U - .  -- - --_ - _ _  -- - _ _  

programming,  and  tha t  nystagmus is s imi l a r ly  controlled. Simple exper iments  
are needed to  conf i rm th is  view in the c a s e  of s inusoidal  i m p r e s s e d  movements  
on the body. 
initial r e sponse  to  the  s t imulus,  and the r e sponse  to its sudden cessat ion,  be-  
s ides  the steady-state r e sponse  which is usual ly  observed. 

Such expe r imen t s  would s imply  cal l  f o r  an observat ion of the 

The p r o g r a m m e d  control  of body movements  is p a r t  of a much b roade r  f ie ld  
in t h e  r e a l m  of behavior,  It is a manifestation of a tendency of the organism 
to refer as much of behavior  as possible  to the autonomic control  of the body. 
It probably includes the conditioning of ref lexes ,  the p rogramming  of spoken 
and wr i t ten  language, the memor iz ing  of a musica l  melody, the formation of 
habits, l ea rn in ' i ,  etc, A be t t e r  understanding of nystagmus may be  possible  
when viewed in the b roades t  possible  context. 

34 Mayne 
t ro l  and communicat ion engineer ing a f t e r  they have been l ea rned  (programmed)  e '' 

wrote,  "Motions of the body become amenable  to the discipline of con- 

The p r o c e s s  of l ea rn ing  and programming,  
plines. Exper imenta l  evidence is that  they 
tions, feelings,  and  s t a t e  of a rousa l ,  goals  

however, t r anscend  these  d isc i -  
include such phenomena as s e n s a -  
which find no counterpar t s  in the 
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mechanical  sys tem.  
and the physiological f i e lds  that  the solution to p rob lems  re la ted  to s imple  
nystagmus and feel ings of nausea  must  be sought. 

It is in th i s  complex interact ion of the psychological 
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